Abstract -This paper describes the design, validation, and integration of a tool to locate a portion of the Instrument Deployment Device (IDD) on the Mars Exploration Rover (MER) vehicles on Mars in imagery from the front Hazard, avoidance cameras, and to track the differences between the predicted and detected position of the manipulator over time.
INTRODUCTION
The Mars Exploration Rover (MER) vehicles were designed to deploy scientific instruments on Mars [1] . To support this mission, several engineering cameras are locaed on the rover, including the front hazard-avoidance cameras (fhaz- cams) The driving autonomously, as well as to select science targets to sample with one of the three in-situ instruments located on five degree-of-freedom robot arm (known as the Instrument Deployment Device, or IDD) that is used to place three insitu instruments: the Alpha Proton X-Ray Spectrometer, or APXS, the M6ssbauer spectrometer, and a microscopic imager, or MI. [2] .
Since science targets are selected in imagery from the fhazcams, the difference between the 3D location of a target selected in this imagery and the actual 3D location reached by the IDD is a useful metric. This difference, termed the Kinematic-Vision Residual, is formally defined to be, for a given pose of the IDD, the root-sum-square (RSS) difference between the 3D location of a point on the IDD predicted by the IDD model and the 3D location ofthat same point as measured by the fhazcams and their associated models. Neither part of this closed loop is perfect -there are inevitable errors in both the IDD model and, the camera models, and this analysis does not subscribe errors to either the IDD or the camera system but rather looks at the closed loop system performance.
THE FIDUCIAL DETECTOR
The Mossbauer spectrometer has a contact plate (MBCP) that is visible in some images, such as Figure 1 , that are taken when the rover is positioning and utilizing the MI Although not designed to be a fiducial, because the MBCP has inner and outer rings with well known dimensions and tend to appear in hazcam images with contrasting intensities an algorithm to detect the plate can be designed.
To achieve maximum robustness and accuracy the approach taken was to match a directed edge template of the fiducial by shifting a template of the MBCP with increasing step resolution in a local area and, of the image. The template is created by projecting the edges of the MBCP rigns to the images using the kinematic prediction of the 3D position of the MBCP in space.
Although using a feature detector (a Harris corner detector [3] for example) is fast and invariant to affine transformations, it is prone to false positives, particularly with direct sunlight on the specular metal end-effector. Some examples of images that challenge fiducial detection are given in 2.
With a good, prediction, a standard image-based, template correlation method (using normalized cross correlation, [4] (2) To find the fiducial, the template is correlated across a local area (of window size w) in the image with shifts of size Ap. Initially, the template is correlated, at only the pixel level (Ap = 1). Once the maximum score has been found (at Ap) the template is correlated, at sub-pixel steps in a sub-window about this point to localize the template further. to reduce the type error rate to less than 500, one of the the acceptance criteria. The type II error rate was not considered in the final testing, but every attempt was made to minimize it without unduly compromising the type I rate. For each data set, the first data column shows the number of poses in the data set. The second and third, data columns show the number of poses where the fiducial detector correctly found the fiducial, as indicated, by automatic and manual measures. The fourth through seventh columns indicate the number of true positives (the automatic system and manual scores both indicate that the fiducial detector succeeded in finding the fiducial), true negatives (the automatic system and manual scores both indicate that the fiducial d.etector did. not succeed.ed in finding the fiducial), false positives (the automatic system indicated that the fiducial detector succeeded but the manual scores indicated. that it did. not) and false negatives (the automatic system indicated that the fiducial detector did not succeed but the manual scores indicated that it did). Finally, the type I error rate is given for each data set. Note that the data set includes all possible images where the MBCP is viewable by the cameras, but does not account for images that are saturated, contain specularities, or have extreme viewing angles.
This results in the ilow number offiducials found. as compared to the total number of poses.
An independent rand.om sample of images was used. to test the fiducial detector for acceptance. The type I errors were manually scored as described above The results as shown in Table 2 , have type I error rates of under 50 for all data sets.
3. ARM & CAMERA MODELS When projecting from joint angles to a 3D position in space, a deflected-kinematic model [7] that accounts for gravityinduced deflections as well as the calibrated forward kinematics of the IDD. When triangulating from the projection of the MBCP in the left and right image to compute the workspace location of the MBCP, a CAHVORE camera model [5] The fhazcams were also carefully calibrated before launch [8] . These models are on-board the rovers, and are used for hazard avoidance and autonomous driving. They were also used for IDD planning and command generation at the beginning of the mission. These models will be referred to as the ATLO models, since the calibration was done in the Assembly, Test, and Launch Operations (ATLO) phase of the project. These models are reported to have mean stereo ranging performance of 3.9mm of a very limited data set during ATLO [6] .
Before launch, the IDD was also carefully calibrated, resulting in ATLO IDD models that tested to a mean positioning accuracy of 2.081mm for Spirit and, 1.331mm for Opportunity, and a mean repeatability of 0.34mm for Spirit' [6] .
Combining the open-loop2 positioning accuracy of the IDD and the stereo ranging performance of the fhazcams, it is expected that before launch the IDD could be positioned to within 4.42 mm for Spirit and 4.12 mm for Opportunity [6] , [9] . [1] is shown as a horizontal red line.
In Figures 5 and 6 the first row (a) shows the Residual length S when the ATLO camera models are used to triangulate the detected position of the MBCP. The second, row (b) shows the same length, when the HIPS camera models, and the last row (c) shows the results with the proposed HIPS2 camera models.
For these data, the HIPS models performed the best, with the HIPS2 models performing almost as well. The ATLO models did not result in good agreement between the kinematic predictions of the position of the MBCP and the observed, location of the MBCP. However, the precision of these predictions is not as high as the experiment below, as only low-resolution fhazcam images of the MBCP were recorded. 
HIPS Training Sol
As described in detail in [110] , in Summer 2004 (sol 176 for mera and sol 160 for merb) a set of fhazcam images were taken and, manually processed to create the HIPS camera models. This set of images was processed with KVRes, with summaries given in Figure 7 and 8. Some ofthe training data were rejected, by the false-positive rejection tools described above. As before (a) shows the performance with ATLO camera models, (b) with HIPS models, and (c) with HIPS2 models. The HIPS models perform the best on these data. This is to be expected, since these are the data with which these models were trained. The HIPS2 models perform almost as well, and the ATLO models perform the least well. As mentioned above, all but the most recent KVRes results were used to create a new set of HIPS models (the HIPS2) models. In this section, the most recent data (i.e. those not used to create the models) are analyzed for KVRes using each set of models, with summaries given in Figure 9 and, 10. These results show that the increased performance of the HI:PS2 models in the region of the training data does generalize over the life of the mission, resulting in more accurate predictions of where the MBCP will appear in fhazcam images. More importantly, this characteristic implies better positioning accuracy of the IDD on science targets.
Full Data Set
Finally, the KVRes tools is run on all available highresolution data, with summaries given in Figure 11 and 12.
Before approximately sol 160, only low-resolution data were taken from the fhazcams. To avoid problems comparing the low-resolution and high-resolution camera models, only the latter are used.
These data illustrate the performance of the various camera models over the complete data set. The mean residual is reduced from 6 
